Comparative Monte Carlo Study of a Monolayer Growth in a Heteroepitaxial
  System in the Presence of Surface Defects by Gimenez, M. Cecilia & Leiva, Ezequiel P. M.
ar
X
iv
:0
80
3.
27
31
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 18
 M
ar 
20
08
Comparative Monte Carlo Study of a
Monolayer Growth in a Heteroepitaxial
System in the Presene of Surfae Defets
M. Ceilia Giménez, Ezequiel P. M. Leiva
∗
Unidad de Matemátia y Físia, Faultad de Cienias Químias
INFIQC.
Universidad Naional de Córdoba, 5000
Córdoba, Argentina
November 26, 2018
Abstrat
The adsorption of a metal monolayer or submonolayer for the sys-
tems Ag/Au(100), Au/Ag(100), Ag/Pt(100), Pt/Ag(100), Au/Pt(100),
Pt/Au(100), Au/Pd(100) and Pd/Au(100) was studied by means of
lattie Monte Carlo simulations.
It was found that, taking into aount some general trends, suh
systems an be lassied into two big groups. The rst one om-
prises Ag/Au(100), Ag/Pt(100), Au/Pt(100) and Au/Pd(100), whih
have favourable binding energies as ompared with the homoepitaxial
growth of adsorbate-type atoms. When the simulations are performed
in the presene of substrate-type island in order to emulate surfae de-
fets, the islands remain almost unhanged, and the adsorbate atoms
suessively oupy kink sites, step sites and the omplete monolayer.
The seond group is omposed of Au/Ag(100), Pt/Ag(100), Pt/Au(100),
and Pd/Au(100), for whih monolayer adsorption is more favourable
on substrates of the same nature than on the onsidered substrates.
When simulations are arried out in the presene of islands of substrate-
type atoms, these tend to disintegrate in order to form 2-D alloys with
adsorbate atoms.
Keywords: metal deposition, embedded atom method, Monte Carlo
simulations
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1 Introdution
Researh on the eletrohemial deposition of a metalM onto a well-ordered
single rystalline surfae of a foreign metal S should provide a better un-
derstanding of the fundamental aspets of metal deposition [1-8℄. When this
ours at potentials more positive than those predited from the Nernst equa-
tion, the proess is denominated underpotential deposition(upd) [2, 3, 4, 5℄,
to diereniate it from the usual deposition proess at overpotentials. Due
to the high omplexity of the deposition phenomenon, no general theory has
been able to embody the behavior of metal monolayers and submonolayers
formed on a foreign single-rystal surfae. This is partly due to the fat that,
even in this simple ase, the proess is ompliated by the appearane of
several phases, involving expanded strutures, anion adsorption, formation
of surfae alloys, et. While eah system may require its own spei mod-
elling in order for its ne features to be properly desribed, we think that
omparative omputational studies of some simple model systems may yield
important information leading to understanding of the more ompliated ex-
perimental systems. Thus, rather than seeking experimental agreement, it
may be relevant to analyze a model that ontains some key features that play
an important role in the experiments.
It is the purpose of this work to analyze the growth of a metal on a
foreign substrate in the presene of surfae defets that will be represented
by islands of the same material as that of the substrate. This is done in
order to nd trends or regularities for a number of systems involving metals
of ommon use in eletrohemistry. As they provide a realisti interation of
the metalli binding, EAM potentials [9℄ are employed to desribe the atom-
atom interation. Using the Monte Carlo method within a lattie model,
allows us to deal with systems having a reasonably large number of partiles.
Although the model hosen may seem simple as ompared with reality, the
rih behavior of the present simulations provides several lues to understand
the behavior of some experimental systems, and suggests a number of future
studies that may be takled by experimentalists in the area. The present om-
parative study involves the systems Ag/Au(100), Au/Ag(100), Ag/Pt(100),
Pt/Ag(100), Au/Pt(100) and Pt/Au(100),Pd/Au(100) and Au/Pd(100).
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2 Model and simulation method
2.1 Lattie model
As they allow to deal with a large number of partiles at a relatively low
omputational ost, lattie models are widely used in omputer simulations
to study nuleation and growth. In priniple, it must be kept in mind that
ontinuum Hamiltonians, where partiles are allowed to take any position in
spae, are muh more realisti in ases where epitaxial growth of an adsorbate
leads to inommensurate adsorbed phases [10℄ or to adsorbates with large
oinidene ells. On the other hand, to assume that partile adsorption an
only our at denite sites is a good approximation for some systems. Suh
is the ase of silver on gold, where there is no rystallographi mist. We
have studied this system before [11℄ and now we apply the same assumption
to other systems in order to perform a omparative analysis when adsorption
takes plae in the presene of surfae defets.
With this purpose, we employ here a lattie model to represent the square
(100) surfae lattie in a Grand Canonial Monte Carlo simulation. Besides
adsorbate adatoms, atoms of the same nature as the substrate are present in
the monolayer at a overage degree of 0.1, with dierent surfae strutures so
as to emulate some of the most ommon surfae defets. In order to obtain the
adsorption isotherms and study the inuene of the surfae defets on their
shapes, we alulate the average overage degree at eah hemial potential.
Solvent eets are negleted, but this should not be a major problem for the
metal ouples onsidered, sine the partial harge on the adatoms is expeted
to be small, thus minimizing the dipole-dipole interations. We also neglet
all kinds of anion eets that may oadsorb during the metal deposition
proess. This may lead to some underestimation or overestimation of the
underpotential shift dened below [2℄ depending on wether anions adsorb
more strongly or more weakly on the adsorbate than on the substrate[12℄.
Square latties of size (100 × 100) with periodial boundary onditions
are used here to represent the surfae. Eah lattie node represents an ad-
sorption site for an atom. The adsorbate may adsorb, desorb or hop between
neighboring sites, while the atoms of the same nature as the substrate may
only move on the surfae like the other atoms do. In this way, our model
orresponds to an open system for one of its omponents, as it is the ase of
adatom deposition on a foreign surfae.
Dierent strutures an be hosen as initial onditions for eah simula-
tion. In the present ase, we start with islands of atoms of the same nature
as the substrate of dierent sizes and shapes obtained by means of simu-
lated annealing tehniques. This was undertaken in order to imitate some
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of the defets that an be found on a real single rystal surfae, like kink
sites, isolated substrate atoms, steps, et. At eah hemial potential, the
initial ondition is the monolayer with surfae defets generated by simulat-
ted annealing of 1000 substrate atoms, as will be disussed later, and 2000
adsorbate atoms, giving an initial overage degree of θ = 0.222.
2.2 Energy Calulation
To alulate the ativation energies for adatom diusion the Embedded Atom
Method (EAM) was used [9℄. This method takes into aount many-body
eets; therefore, it represents the metalli bonding better than a pair po-
tential does. The total energy of the system is alulated as the sum of the
energies of the individual partiles. Eah energy is in turn the sum of an em-
bedding (attrative) energy and a repulsive ontribution whih arises from
the interation between ion ores. The EAM ontains parameters whih were
tted to reprodue experimental data, suh as elasti onstants, enthalpies
of binary alloys dissolution, lattie onstants, and sublimation heats.
The appliation of the EAM within a lattie model is desribed in detail
in our previous work [11℄. In the present work some numerial results may
dier from those obtained in the previous one due to the fat that we had
used 'single zeta' funtions and now we use 'double zeta' funtions for the al-
ulation of the energies [13, 14℄. Nevertheless, in both works the qualitative
results and the onlusions are the same.
2.3 Grand Canonial Monte Carlo
One of the most appealing harateristis of Grand Canonial Monte Carlo
(µV T/MC) is that, like in many experimental situations, the hemial po-
tential µ is one of the independent variables. This is the ase of low-sweep
rate voltammetry, an eletrohemial tehnique where the eletrode potential
an be used to ontrol the hemial potential of speies at the metal/solution
interfae. This tehnique oers a straightforward way of obtaining the ad-
sorption isotherms provided the sweep rate is low enough to ensure equi-
librium for the partiular system onsidered. In the solid-vauum interfae,
the hemial potential is related to the vapor pressure of the gas in equilib-
rium with the surfae. However, hemial potential sweeps under equilibrium
onditions annot be ahieved in the solid-vauum interfae beause the des-
orption proess is too slow due to the high energy barrier that the metal
adatoms have to surmount (typially of the order of some eVs).
Our 2D system is haraterized by a square lattie with M adsorption
sites. We labelled eah adsorption site 0, 1 or 2, depending on whether it is
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empty, oupied by one substrate type atom or oupied by one adsorbate
atom respetively.
Following the proedure proposed by Metropolis and oworkers [15℄, the
aeptane probability for a transition from state
−→n to −→n ′ is dened as:
W−→n→−→n ′ = min(1,
P−→n ′
P−→n
) (1)
so that detailed balane is granted.
In our µV T / MC simulation we shall allow for three types of events:
1. Adsorption of an adsorbate atom onto a randomly-seleted lattie site.
2. Desorption of an adsorbate atom from an oupied lattie site seleted
at random.
3. Motion of an atom from the lattie site where it is adsorbed to one of
its four nearest neighbor sites. The latter is seleted randomly.
Even when in a grand anonial simulation, events of type 3 (motion
or diusion of lattie partiles) are not stritly neessary, their presene is
justied by the fat that a smaller number of Monte Carlo steps(MCS) must
be employed for the equilibration of the system [15℄. It is also important
in the ase of motion of substrate type atoms, whih would not be possible
without that type of events.
Within this proedure, the relevant thermodynami properties are then
obtained, after some equilibration steps, as average values of instantaneous
magnitudes stored along a simulation run. In the present ase, we are inter-
ested in the average overage degree of the adsorbate atoms 〈Θ〉Ads at a given
hemial potential µ, where the instantaneous value, Θ(µ)Ads,i , is dened as
follows:
Θ(µ)Ads,i =
NAds,i
M −NSu
(2)
where NAds,i is the number of adsorbate atoms, M is the total number of
sites and NSu is the number of substrate-type atoms present on the surfae
at the time step i.
Sine our main goal is to obtain adsorption isotherms for dierent surfae
strutures of substrate atoms, we hoose a simulation method whih does
not yield information on the kinetis of nuleation and growth. The Kineti
Monte Carlo (KMC) [16, 17℄ tehnique ould be applied with this purpose.
Studies in this diretion are under way [18, 19℄.
5
2.4 Algorithm employed for the alulation of energy
dierenes
One of the main advantages of the lattie model is its simpliity, sine it xes
the distanes between the adsorption nodes, thus reduing the energy values
that the system an take to a disrete set. Furthermore, the potentials used
are short ranged, so that a very important simplifying assumption an be
made for obtaining ∆U. The point is to onsider the adsorption(desorption)
of a partile at a node immersed in a ertain environment, as shown in Fig-
ure 1 . The adsorption site for the partile is loated in the entral box, and
the alulation of the interations is limited to a irle of radius R. Then,
the adsorption energy for all the possible ongurations of the environment
of the entral atom an be alulated previous to the simulation. In this
ase, we employ ongurations whih inlude rst, seond and third nearest
neighbors, given a total of 13 sites, inluding the entral atom (under on-
sideration). With this method all the adsorption energies of an atom are
tabulated, so that during the MC simulation the most expensive numerial
operations are redued to the reonstrution of the number I that hara-
terizes the onguration surrounding the partile on the adsorption node.
Computationally speaking, I is nothing but the index of the array in whih
the energy is stored.
In all the strutures generated, the plane of the adsorbates was loated at
a vertial distane from the rst substrate plane equivalent to the distane
between the substrate and one omplete adsorbate monolayer. This value was
previously obtained by minimizing the energy as a funtion of that distane.
2.5 Simulated annealing
Simulated annealing tehniques have often been used to obtain minimal en-
ergy strutures or to solve ergodiity problems. A suitable way to implement
them is through the anonial Monte Carlo method at dierent temperatures.
In the present ase, we used simulated annealing in order to obtain dierent
surfae defets given by islands of various sizes and shapes. In all ases the
initial state involved a overage degree of 0.1 substrate atoms distributed at
random.
The simulation was started at a very high initial temperature To, of the
order of 10
4
K, and the system was later ooled down following a logarithmi
law:
Tf = ToK
Ncycles
(3)
6
where Tf is the nal temperature, Ncycles is the number of ooling steps andK
is a positive onstant lower than one (in this ase, we use K = 0.9). A ertain
number of MCS were run at eah temperature and the simulation stoped
when Tf was reahed. The number of MCS employed at eah temperature
varied from 20 to 655360, giving dierent kinds of strutures as we shall
disuss later.
2.6 Underpotential vs overpotential deposition
The possibility that upd takes plae an be quantied through the so-alled
underpotential shift∆φUPD, whih is related to the dierene of the hemial
potential of M adsorbed on S at a overage degree Θ, say µ(MΘ/S), and
the hemial potential of M in the bulk phase, say µ(M/M), through the
following equation:
∆φUPD =
1
ze0
[µ(M/M)− µ(MΘ/S)] (4)
where z is the harge of the ion M in the solution and e0 is the elemental
harge. Sine ∆φUPD depends on the valene of the ion being deposited,
we prefer to use the exess of hemial potential ∆µ as stability riteria for
adsorbed monolayers whih we dene as:
∆µ = µ(MΘ/S)− µ(M/M) (5)
Aording to equations (4) and (5), negative values of ∆µ indiate un-
derpotential deposition, while positive ones predit overpotential deposition.
3 Results and disussion
We have onsidered the following systems: Ag on Au(100); Au on Ag(100);
Ag on Pt(100); Pt on Ag(100); Au on Pt(100); Pt on Au(100), Pd on Au(100)
and Au on Pd(100). In the following disussion and for the sake of simpliity
we omit the Miller indies denoting the rystal surfae, writing rst the
adsobate and then the substrate, i.e. instead of Ag on Au(100) we write
Ag/Au.
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3.1 Energy tables
In gure 1 we show 25 relevant ongurations out of the 531441 whih are
possible for the environments that an atom an nd on the surfae. The
orresponding adsorption energies are summarized as illustrative examples
in table I. Congurations 1-17 and 24 orrespond to environments involving
only adsorbate atoms. Comparing ongurations 1, 2, 3, 4 and 5, we an
see the inuene of the rst neighbors, whih in all ases have a favorable
eet on the adsorption of the entral atom. By omparing ases 6, 7, 8,
9 and 10, we an see the inuene of seond neighbors(in the absene of
rst neighbors) and we an onlude that, exept for Ag/Pt, they favor in
all ases the adsorption of an atom at the entral site. Nevertheless, the
inuene of seond neighbors seems to be the opposite when rst neighbors
are present (see ongurations 11 and 13 as ompared with onguration 2).
This is due to the non-linear eets of the many body interation energies:
the binding of the seond neighbor to the rst one weakens the binding of the
entral atom to the rst neighbor. The diret inuene of third neighbors is
almost negligible (ompare ongurations 1 and 16). On the other hand, the
presene of a third neighbor lose to a rst neighbor tends to be unfavorable
for adsorption of the entral atom, for the same reasons stated in the previous
ase (ompare ongurations 2 and 17).
Congurations 19 and 20 are meaningful when onsidering adsorption at
step sites. In this respet, observation of Table I indiates that when adsorb-
ing on Pt steps Ag and Au atoms will avoid neighboring homoatoms. This
is not unexpeted, sine both Ag and Au exhibit an important ompressive
surfae stress when adsorbed on Pt. On the other hand, the adatoms of the
other systems will prefer to adsorb beside other adatoms.
Congurations 21, 22 and 23 represent the environment of the three kinds
of kink sites that an atom an nd on the surfae. Although no onlusion
an be drawn about a general trend, it an be stated that the energeti
behavior is monotoni, in the sense that the strength of the binding inreases
or dereases with the oordination of the kink site for the three types of sites.
Comparing ongurations 20 and 22 for all systems, it an be notied that
for the systems Ag/Au, Ag/Pt and Au/Pt, adsorption onto kink sites(onf.
22) is favored as ompared with step deoration (onf. 20), whereas for
the systems Au/Ag, Pt/Ag, Pt/Au, Au/Pd and Pd/Au the growing of a
monodimentional phase at step sites should be preferred (onf. 20). This
has important onsequenes for the sequential lling of the dierent types of
deets. In the ase of the former family of systems, kink sites should be
lled before step deoration ours, so that in the adsorption isotherm the
two proesses should appear sequentially. On the other hand, for the seond
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type of systems a sequential behavior should not be expeted. We shall
return later to this phenomenon when analyzing the adsorption isotherms.
A similar trend an be notied when omparing ongurations 14 and 19,
whih orrespond to the adsorption of an adatom lose to a step of the
same (onf. 14) or a dierent (onf. 19) nature. For the systems Ag/Au,
Ag/Pt, Au/Pt and Au/Pd, onguration 19 is more stable than onf. 14, so
that in these ases, the adsorption of a new atom at the step of a substrate
island should be more favourable than adsorption on the edge of an adsorbate
island. The opposite trend is observed for the systems Au/Ag, Pt/Ag, Pt/Au
and Pd/Au. However the system Pd/Au is a borderline ase, as the energy
dierene between ongurations 14 and 19 is of the order of 0.03 eV, that
is, lose to kT at room temperature.
3.2 Adsorption isotherms in defet free surfaes
Adsorption isotherms were alulated for the dierent systems in the ase
of defet free surfaes. For a xed temperature and hemial potential a
simulation was performed and the average overage degree was alulated
for the equilibrium state of the system. As this was repeated at dierent
hemial potentials, the isotherms obtained were like those represented in
gure 2 for the ase of the systems Ag/Au and Au/Ag. The isotherms were
performed at a temperature of 300 K and we inlude two in eah graphi:
A/S(100) and A/A(100), where A and S denote adsorbate and substrate
respetively. Thus omparison of the behavior of the heteroatomi A/S(100)
system with that of the pure metal A/A(100) system allows to determine the
existene of underpotential or overpotential deposition. As we an see, for
eah isotherm there is an abrupt jump in the overage degree as expeted
in the ase of a rst order phase transition. As we disussed in a previous
work [11℄, at higher temperatures the isotherms tend to beome smoother,
approximating to the shape of a Langmuir isotherm.
Aording to equations (4) and (5), the dierene between the hemi-
al potentials ∆µat whih transition ours for the systems A/S(100) and
A/A(100) is a measure of the underpotential shift:
∆φUPD = −
∆µ
ze0
In table 2, we summarize the approximate values for the hemial po-
tential at whih transition ours for eah system. In table 3 we show the
exess of hemial potential for the systems A/S(100) as dened in equa-
tion (5), alulated as the dierene of the values of the previous table for
the systems A/S(100) and A/A(100). Negative values predit underpoten-
tial deposition, while positive ones predit overpotential deposition. These
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results agree well with those obtained in previous works [20, 21℄ by means
of a thermodynami yle using the embedded atom method. Aording to
these results, upd is predited for the systems Ag/Au, Ag/Pt, Au/Pt and
Au/Pd, and overpotential deposition is expeted for the remaining systems.
Although this predition is in agreement with the experimental results for
Ag/Au and Ag/Pt, it does not agree with experimental nding of upd for
Pd/Au [23℄. It is also interesting to point out that this system seems to go
against the empirial rule that upd should our when the work funtion
of the metal being deposited is lower than that of the substrate ( Φ111Au =
5.31eV; Φ100Au = 5.47eV; Φ
110
Au = 5.37eV, Φ
111
Pd = 5.6eV [22℄). Underpotential
deposition for this system also goes against the intuitive expetation that it
should our when the surfae energy σ of the substrate is larger than that
of the adsorbate,(σAu = 0.094 eV/Å2; σPd = 0.125 eV/Å2, [9℄ ). First prin-
iples alulations also yield a negative exess of binding energy[12℄, so that
this system presents some remarkable singularities. It must be emphasized,
however, that Pd deposition ours in the presene of strongly adsorbed
hloride anions whih result in a distorted-hexagon loride on top of the Pd
monolayer[23℄. Thus the presene of adsorbed anions may yield part of the
energy exess required for the existene of upd.
3.3 Surfae defets
In order to study the inuene of surfae defets on the adsorption isotherms,
simulations were performed in the presene of substrate atoms in the mono-
layer, with a overage degree of 0.1. With the present simulation parameters,
suh overage degree orresponds to 1000 atoms as initial onditions. Dif-
ferent surfae defets were generated by employing various ooling rates in
the simulated annealing proedure desribed above. This was ahieved using
dierent numbers of Monte Carlo steps Ns at eah temperature. Five de-
fetive surfae types were reated, using Ns=20 for surfae type 1, Ns=320
for surfae type 2, Ns=5120 for surfae type 3, Ns=81920 for surfae type 4
and Ns=655360 for surfae type 5. Surfae type 1 ontains the largest quan-
tity of islands and they are smaller than those of other surfaes. The total
number of islands dereases from surfae types 1 to 5 and their size inrease
aordingly. This implies that the number of kink sites and the number of
step sites also derease from surfae type 1 to 5. In the following gures,
these defetive surfae types are labelled aording to the average island size
< si > obtained, whih were for example 7, 13, 48, 200 and 500 for the
system Ag/Au.
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3.3.1 Adsorption isotherms
As an be notied in gure 2, adsorption isotherms on defet-free surfaes
show an abrupt hange of overage degree for a ertain ritial hemial po-
tential. This situation turns to be dierent in the presene of surfae defets
for the systems Ag/Au, Ag/Pt, Au/Pd and Au/Pt (Figure 3). In these ases
the overage degree starts to rise slowly at hemial potentials more negative
than the ritial hemial potential. This eet is more important in the
ase of surfaes with smaller islands, whih ontain more kink and step sites.
Observation of the status of the surfae, disussed in detail below, shows
that these are the plaes that are oupied rst. Relative overage degrees
Θk (Θs) for kink (step) sites may be dened as the number of oupied kink
(step) sites divided by the total number of kink (step) sites. Figures 4 and
5 show Θk, Θs, and the total overage degree Θ as a funtion of µM . The
behavior of these isotherms indiates that kink sites are oupied rst, then,
step sites, and nally, the rest of the surfae. Close inspetion of these gures
shows that the hemial potential values at whih Θk=0.5 are lose to the
orresponding energy values for adsorption at kink sites (see ongurations
21-23 in gure 1 and orresponding values in Table 1). Something similar
ours with the µM values at whih Θs=0.5, whih are lose to the energy
values of onguration 20 in gure 1 (see also entry 20 in Table 1). However,
it must be notied that an abrupt jump is not observed in the Θk and Θs
isotherms, as expeted for the 0 and 1 dimensional systems.
Unlike the systems onsidered in gure 3, the systems Au/Ag, Pt/Ag,
Pd/Au and Pt/Au do not present an appreiable widening of the adsorption
isotherms with inreasing number of surfae defets (Figure 6). Figures 7
and 8 show that the partial overages Θk and Θs for this type of systems do
not exhibit a learut trend as the systems depited in gures 4 and 5. This
an be understood through omparative analysis of onguration 20 against
ongurations 21-23. It is lear that these systems do not prefer adsorption at
steps to adsorption at kink sites, in ontrast to the predition for the systems
presented in gure 3. Thus kink sites are not lled before step deoration,
but both proesses take plae simultaneously. Furthermore, as pointed out
above, onguration 14 yields lower energy values than onguration 19 does,
so that atom deposition at substrate island steps is delayed with respet to
deposition at an island of the same nature. It is also remarkable that within
the present model all these systems exhibit a positive exess of binding energy,
and that the binding energy of the adsorbate is larger than, or similar to that
of the substrate (See table 4).
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3.3.2 Morphology
It is very illustrative to analyze the nal state of the surfae of some typ-
ial systems at dierent hemial potentials. In gure 9, we show frames
orresponding to the nal state of the Ag/Pt system at 6 dierent hemial
potentials. In priniple, the islands are not xed and all atoms are allowed
to diuse, however, there appears to be no movement of the substrate type
atoms, so that the islands remain unhanged. The adsorbate atoms oupy
the free sites with the preferenes desribed above, that is, rst lling the
kink sites, then the steps, and nally the rest of the system. A similar behav-
ior is observed for the systems Ag/Au and Au/Pt. The situation is strikingly
dierent for the systems Au/Ag, Pt/Ag, Pd/Au and Pt/Au, in all of whih,
adsorbates ome into the islands forming an alloy and these tend to disinte-
grate. This is illustrated in gure 10 for Pt deposition on Ag(100). At small
overage degrees the adatoms start to get already embedded into the islands,
and even form small nuleii. This proess ontinues and upon ompletion of
the monolayer the substrate islands have inorporated an important num-
ber of adatoms. This phenomenon also ours for larger islands, as an be
observed in gure 11, where this proess is illustrated for Pt deposition on
an Ag surfae exhibiting a big 1000-atom island. In this ase, and for larger
overage degrees, a higher onentration of adatoms results on the edge of
the islands due to a slower equilibration of the system. The system Au/Pd
is an intermediate ase.
A detailed view of the neighborhood of an island is presented in gures 12
and 13 for the systems Au/Pt and Pt/Au, showing the features mentioned
in the previous disussion.
While the simpliity of the present model (not onsidering surfae re-
onstrution, anion adsorption and spei kineti features) does not allow
a quantitative omparison with experiments, qualitative preditions an be
made onerning surfae alloy formation in the presene of islands. In table 5
we present the preditions for the systems simulated in this work along with
some results of experimental observation. In onnetion with the present
results, it is worth mentioning the ones obtained by Kolb and oworkers for
Pd and Pt deposition on Au(100) [23, 24℄. For the former system, the au-
thors proposed that alloying upon Pd deposition should proeed involving
Au atoms from islands and step edges. The present results strongly support
this explanation on thermodynami grounds, based on the energetis of the
Pd/Au system. Interesting results have also been obtained for the seond
system, Pt/Au. Waibel et al [24℄ have studied Pt deposition on Au(100),
nding that nuleation of Pt starts mainly at deets like step edges for low
deposition rates. On the other hand, at high deposition rates some nuleii
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also appear on the terraes at random sites. Figure 7 of referene [24℄ shows
that over Pt deposition the island shape beomes progressively blurred as Pt
is deposited, and it is very stable. Aording to the present results, at low de-
position rates Pt atoms ould be inorporating into the islands, yielding the
enhaned stability observed. Due to its high binding energy, Pt is expeted
to present 3-D growth, as pointed out by Waibel et al, but this feature is not
onsidered in the present model.
3.3.3 First neighbor site oupation
In order to get a more omplete piture of phase growth in the presene of
substrate islands, the average number of rst neighbors of a given atom type
(M or S) surrounding an oupied site (with M or S) was also analyzed.
nBA will denote the average number of neighbors of B type atoms surround-
ing an A type atom. Let us onsider rst the system Au/Pt, depited on
the left side in the lower part of gure 4. It an be seen that the average
number of Pt atoms surrounding other Pt atoms as nearest neighbors , nPtP t,
remains onstant, at a value somewhat lower than four. This shows that the
oordination of Pt atoms on the islands does not hange upon Au deposition
onto Pt, in agreement with the fat that Pt atoms remain almost immobile.
As expeted, simulations with larger Pt islands yield nPtP t loser to 4, while
the reverse ours with simulations with smaller islands. The number of Au
atoms around Pt, nAuPt , rises from zero at hemial potentials where Au is
absent, to a number less than one, when the monolayer is omplete. This is
due to the fat that only Pt atoms on the edge of the islands are in ontat
with adsorbate atoms. Two steps an be notied in the nAuPt − µ urve. The
rst one ours when the kink sites of the Pt islands beome oupied by Au
atoms, and the seond one when the edges of the islands (step sites) beome
deorated with Au. By observing the average number of Pt atoms around
Au, nPtAu,it an be notied that n
Pt
Au ≈ 2 in regions where only kink sites are
overed, lose to one in regions where step sites are overed, and very small
upon ompletion of the Au monolayer. Some isolated ases with nPtAu = 3
an be observed for low overage degrees. This is due to the fat that indi-
vidual atoms of adsorbate manage to inorporate to the edge of the island,
but are unable to penetrate further. The number of Au atoms around Au
atoms, nAuAu, is zero for ΘAu −→ 0 and in regions where only kink sites are
oupied. nAuAu then rises to a number between one and two in regions where
steps sites are oupied and beomes lose to four for monolayer ompletion.
The general features of the system Ag/Pt, depited at the bottom right part
of gure 4 are similar. This piture of sequential lling of kink and step sites
is also reeted by the partial isotherms at the top of gure 4: the overage
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degree of steps sites starts to rise only when Θk ≈ 1.
Figure 5 shows the same analysis for the systems Au/Pd and Ag/Au. In
the lower part of the right hand side, it an be observed for the system Ag/Au
that the general trends are similar to those of the two previous systems, but
the urves nsubstrateadsorbate (n
Au
Ag )do not present two learly dierentiated steps as
before. That is, the regions with oupation of kinks and steps are not learly
diferentiated. The same an be stated for the system Au/Pd (left hand side
in gure 5). In this gure, the urve nPdAu presents an even more remarkable
behavior. At low overage degrees, the average number of Pd atoms around
Au is lose to four, indiating that they ame inside the existing substrate
islands and are ompletely surrounded by Pd atoms. Thus, although nPdPd
remains fairly onstant denoting an important island stability, some small
degree of alloying ours. Thus the Au/Pd system is a borderline ase, where
some alloying may our but islands still remain stable. The non sequential
lling of kink and step sites an also be inferred from the partial isotherms
in the upper part of gure 5, where it an be observed that Θs starts to rise
when the deoration of kink sites is still inomplete.
The lower part of gures 7 and 8 show nBA vs µ plots for Pd/Au, Pt/Ag,
Pt/Au and Au/Ag. It is evident that in all ases the number of substrate
atoms around substrate atoms (nAuAu y n
Ag
Ag) dereases for inreasing overage
degree, denoting that the islands do not remain unaltered in the presene of
the adsorbate. In the ase of Pd adsorption on Au(100) and Au adsorption on
Ag(100), it an be notied that at low overage degrees the adsorbate atoms
are ompletely embedded in the islands (nAuPd = 4 for Pd/Au and n
Ag
Au = 4
for Au/Ag). This eets somehow our for Pt/Ag and Pt/Au, but to a
lesser extent. In the ase of Pt adsorption, the number of substrate atoms
around Pt is smaller than four beause lustering of Pt atoms our within
the substrate islands, even at low Pt overage degrees. This an be observed
in the frames 2-4 of gure 10.
The behavior of nsubstratesubstrate at high µ for the systems Pt/Ag, Pt/Au and
Au/Ag presents one very interesting feature: nsubstratesubstrate remains approximately
onstant over a ertain µ region, when surfae overage by the adsorbate is
lose to ompletion. This an be observed, for instane, at the bottom of the
right hand of gure 8, where nAgAg remains nearly onstant above µ = -3.9 eV.
As a ounterpart, nAuAg also remains onstant in this region. This means that
the surfae presents pathes of onstant omposition that remain stable. In
other words, in those plaes where the islands were originally loated, pathes
appear whih exhibit a surfae larger than that of the original island. This
analysis omplements the disussion in the last part of the previous setion.
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4 Conlusions
1. The systems Ag/Au(100), Ag/Pt(100), Au/Pt(100) and Au/Pd(100)
present a positive exess of binding energies (negative exess of hemial
potential) as ompared with the homoepitaxial growth of adsorbate
type atoms, indiating that in these systems underpotential deposition
is expeted.
2. On the other hand, for the Au/Ag(100), Pt/Ag(100), Pt/Au(100), and
Pd/Au(100) systems, the monolayer adsorption is more favorable on
substrates of the same nature than on the substrates onsidered.
3. In order to emulate surfae defets, simulations were also performed
in the presene of surfae islands made of the same metal as the sub-
strate. For the family of systems mentioned in item 1, the islands
remained almost unhanged, being deorated by the adatoms before
ompletion of the monolayer. In the ase of the systems Au/Pt(100)
and Ag/Pt(100) the adsorbate atoms lled in a lear sequene rst the
kink and then the step sites. These proesses are somewhat loser in
the ase of Ag/Au(100) and very lose in Au/Pd(100). For the family
of systems onsidered in item 2, the substrate islands showed disgrega-
tion in order to form 2-D alloys with the adsorbate atoms and there is
no dierentiation in the lling of kink, step or terrae sites.
4. The system Au/Pd(100) presents a borderline behavior, as a small
quantity of Au is embedded into the Pd islands without altering their
struture. Thus it ould be suggested that, exept for the systems on-
tainig Au and Pd, the stability of the substrate islands upon deposition
of a foreing metal is mainly determined by the dierene of the ohesive
energies. However, this is a matter that requires further study to make
a more onlusive statement.
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6 Tables
Table 1: Energy dierenes (in eV) assoiated with the deposition of an
atom in the environments represented in gure 3 for the systems onsidered
in this work.
conf. Ag/Au Au/Ag Ag/P t P t/Ag Au/P t P t/Au Au/Pd Pd/Au
1 -2.580 -3.106 -3.127 -4.224 -3.672 -4.228 -3.283 -3.117
2 -2.866 -3.566 -3.340 -4.828 -4.160 -4.847 -3.901 -3.502
3 -3.126 -3.987 -3.521 -5.397 -4.585 -5.434 -4.444 -3.862
4 -3.366 -4.380 -3.681 -5.938 -4.965 -5.986 -4.453 -3.863
5 -3.591 -4.744 -3.825 -6.455 -5.300 -6.508 -5.358 -4.535
6 -2.582 -3.142 -3.122 -4.267 -3.705 -4.246 -3.335 -3.137
7 -2.585 -3.177 -3.116 -4.310 -3.738 -4.254 -3.388 -3.157
8 -2.585 -3.177 -3.116 -4.310 -3.738 -4.264 -3.388 -3.157
9 -2.588 -3.212 -3.110 -4.353 -3.770 -4.282 -3.439 -3.178
10 -2.590 -3.247 -3.105 -4.396 -3.802 -4.300 -3.490 -3.198
11 -2.842 -3.563 -3.303 -4.837 -4.130 -4.833 -3.878 -3.497
12 -2.868 -3.599 -3.332 -4.869 -4.188 -4.863 -3.948 -3.521
13 -2.825 -3.567 -3.275 -4.852 -4.112 -4.817 -3.863 -3.500
14 -2.810 -3.541 -3.259 -4.826 -4.071 -4.785 -3.815 -3.485
15 -3.076 -3.947 -3.455 -5.370 -4.495 -5.388 -4.347 -3.833
16 -2.580 -3.106 -3.126 -4.224 -3.671 -4.227 -3.282 -3.116
17 -2.840 -3.529 -3.309 -4.792 -4.103 -4.814 -3.833 -3.477
18 -3.002 -3.470 -3.692 -4.634 -4.336 -4.708 -3.905 -3.497
19 -2.917 -3.473 -3.564 -4.651 -5.139 -4.640 -3.885 -3.450
20 -3.149 -3.859 -3.174 -5.185 -4.626 -5.193 -4.382 -3.777
21 -3.250 -3.760 -4.010 -4.996 -4.758 -5.048 -4.351 -3.758
22 -3.230 -3.770 -3.976 -5.009 -4.747 -5.029 -4.363 -3.747
23 -3.211 -3.780 -3.942 -5.022 -4.736 -5.010 -4.374 -3.736
24 -3.358 -3.498 -3.534 -6.257 -4.808 -6.176 -4.796 -4.384
25 -3.731 -4.287 -4.621 -5.661 -5.505 -5.635 -5.176 -4.223
18
Table 2: Chemial potential µ in eV at whih the step is observed in
the adsorption isotherms for the dierent systems.
Substrate\Adsorbate Ag Au Pt Pd
Ag -2.83 -3.87 -5.30 -
Au -3.00 -3.95 -5.29 -3.78
Pt -3.38 -4.37 -5.83 -
Pd - -4.21 - -3.92
Table 3: Exess of hemial potential in eV, as alulated from the
adsorption isotherms aording to equation (5).
substrate\adsorbate Ag Au Pt Pd
Ag 0.00 0.08 0.53 -
Au -0.17 0.00 0.54 0.14
Pt -0.55 -0.42 0.00 -
Pd - -0.26 - 0.00
Table 4: Cohesive energies of the bulk metal E
M(s)
coh [9℄.
Metal Ag Pd Au Pt
E
M(s)
coh -2.85 -3.91 -3.93 -5.77
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Table 5: Predition of surfae alloy in the presene of islands for systems
simulated in this work, and experimental observations.
System Surfae alloy predition Experimental observation
Ag/Au(100) No No
Ag/Pt(100) No No
Au/Pd(100) Sligth alloying Not available
Au/Pt(100) No Not Available
Au/Ag(100) Yes Nor Available
Pt/Ag(100) Yes Not Available
Pd/Au(100) Yes Surfae alloying ref [23℄
Pt/Au(100) Yes Au islands beame stable agains dissolution ref [24℄
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7 Figure Captions
Figure 1: Some of the possible ongurations assoiated with the adsorption
of the entral atom in dierent environments. The energies assoiated with
all posible ongurations were tabulated previous to the simulation. The
energy values orresponding to these examples are shown in table 1.
Figure 2: Adsorption isotherms, plotted as overage degree as a funtion
of hemial potential. a) Deposition of one monolayer of Ag onto a defet-
free Au(100) surfae and one monolayer of Ag onto a defet-free Ag(100)
surfae. b) Deposition of one monolayer of Au onto a defet-free Ag(100)
surfae and one monolayer of Au onto a defet-free Au(100) surfae.
Figure 3: Adsorption isotherms, plotted as overage degree as a funtion
of hemial potential, for the deposition of Ag on Au(100), Ag on Pt(100), Au
on Pd(100) and Au on Pt(100) in presene of surfae defets. The numbers
indiate the average size of islands of substrate-type atoms present in the
monolayer as initial state.
Figure 4: Adsorption isotherms for the deposition of Au on Pt(100)
and Ag on Pt(100) in the presene of surfae defets. Coverage degree of
the monolayer, the step sites and the kink sites as a funtion of hemial
potential (up). Average number of neighbors of eah speies for eah kind of
atom (down).
Figure 5: Adsorption isotherms for the deposition of Au on Pd(100)
and Ag on Au(100) in the presene of surfae defets. Coverage degree of
the monolayer, the step sites and the kink sites as a funtion of hemial
potential (up). Average number of neighbors of eah speies for eah kind of
atom (down).
Figure 6: Adsorption isotherms plotted as overage degree as a funtion
of hemial potential for the deposition of Au on a Ag(100), Pt on a Ag(100),
Pd on a Au(100) and Pt on a Au(100) in the presene of surfae defets. The
numbers indiate the average size of islands of substrate-type atoms present
in the monolayer as initial state.
Figure 7: Adsorption isotherms for the deposition of Pd on Au(100)
and Pt on Ag(100) in thepresene of surfae defets. Coverage degree of
the monolayer, the step sites and the kink sites as a funtion of hemial
potential (up). Average number of neighbors of eah speies for eah kind of
21
atom (down).
Figure 8: Adsorption isotherms for the deposition of Pt on Au(100)
and Au on Ag(100) in the presene of surfae defets. Coverage degree of
the monolayer, the step sites and the kink sites as a funtion of hemial
potential (up). Average number of neighbors of eah speies for eah kind of
atom (down).
Figure 9: Snapshots of the nal state of the surfae at six dierent
hemial potentials (-4.27 eV, -3.97 eV, -3.66 eV, -3.44 eV, -3.40 eV and -3.06
eV) for the Ag on Pt(100) simulation. Average island size: < s >= 48.
Figure 10: Snapshots of the nal state of the surfae at six dierent
hemial potentials (-5.74 eV, -5.53 eV, -5.41 eV, -5.32 eV, -5.30 eV and -5.21
eV) for the Pt on Ag(100) simulation. Average island size: < s >= 53.
Figure 11: Snapshots of the nal state of the surfae at six dierent
hemial potentials (-5.74 eV, -5.53 eV, -5.41 eV, -5.32 eV, -5.30 eV and -5.21
eV) for the Pt on Ag(100) simulation. Average island size: < s >= 1000.
(only one island).
Figure 12: Final state of the surfae at four dierent hemial potentials
(-5.10 eV, -4.61 eV, -4.50 eV and -4.39 eV) for the Au on Pt(100) simulation
with defets. One Pt island. White irles: gold atoms. Blak irles: Pt
atoms.
Figure 13: Final state of the surfae at four diferent hemial potentials
(-5.65 eV, -5.30 eV, -5.29 eV and -5.26 eV) for the Pt on Au(100) simulation
with defets. White irles: gold atoms. Blak irles: Pt atoms.
22

−4.3 −4.2 −4.1 −4.0 −3.9 −3.8
 µ  ( eV )
0.0
0.2
0.4
0.6
0.8
 
θ
Au/Ag
Au/Au
−3.3 −3.2 −3.1 −3.0 −2.9 −2.8
 µ  ( eV )
0.0
0.2
0.4
0.6
0.8
 
θ
Ag/Au
Ag/Ag
−4.6 −4.5 −4.4 −4.3 −4.2
 µ (eV)
0.0
0.2
0.4
0.6
0.8
 
θ
Au/Pd(100)
7.4
19.2
71.4
333.3
1000.0
−3.4 −3.3 −3.2 −3.1 −3.0
0.0
0.2
0.4
0.6
0.8
 
θ
Ag/Au(100)
6.7
12.7
47.6
200.0
500.0
−5.0 −4.8 −4.6 −4.4
 µ  (eV)
0.0
0.2
0.4
0.6
0.8
Au/Pt(100)
7.0
16.7
76.9
250.0
500.0
−4.2 −4.0 −3.8 −3.6 −3.4
0.0
0.2
0.4
0.6
0.8
Ag/Pt(100)
6.2
14.9
47.6
250.0
1000.0

−5.0 −4.8 −4.6 −4.4 −4.2
 µ (eV)
0.0
1.0
2.0
3.0
4.0
<
 
n
e
i
g
h
b
o
r
s
 
>
Pd around Pd
Au around Pd
Pd around Au
Au around Au
−5.0 −4.8 −4.6 −4.4 −4.2
0.0
0.2
0.4
0.6
0.8
 
θ
Au/Pd(100)
cov.degree
steps
kinks
−3.5 −3.4 −3.3 −3.2 −3.1 −3.0 −2.9
 µ  (eV)
0.0
1.0
2.0
3.0
4.0
Au around Au
Ag around Au
Au around Ag
Ag around Ag
−3.5 −3.4 −3.3 −3.2 −3.1 −3.0 −2.9
0.0
0.2
0.4
0.6
0.8
Ag/Au(100)
cov.degree
steps
kinks
−4.0 −3.9 −3.8 −3.7
 µ (eV)
0.0
0.2
0.4
0.6
0.8
 
θ
Pd/Au(100)
6.1
11.9
34.5
142.9
500.0
−4.1 −4.0 −3.9 −3.8
0.0
0.2
0.4
0.6
0.8
 
θ
Au/Ag(100)
6.8
17.2
66.7
250.0
500.0
−5.6 −5.5 −5.4 −5.3 −5.2
 µ  (eV)
0.0
0.2
0.4
0.6
0.8
Pt/Au(100)
6.1
11.9
34.5
142.9
500.0
−5.7 −5.6 −5.5 −5.4 −5.3 −5.2
0.0
0.2
0.4
0.6
0.8
Pt/Ag(100)
6.8
14.9
52.6
200.0
1000.0
−4.1 −4.0 −3.9 −3.8 −3.7
 µ (eV)
0.0
1.0
2.0
3.0
4.0
<
 
n
e
i
g
h
b
o
r
s
 
>
Au around Au
Pd around Au
Au around Pd
Pd around Pd
−4.1 −4.0 −3.9 −3.8 −3.7
0.0
0.2
0.4
0.6
0.8
 
θ
Pd/Au(100)
cov.degree
steps
kinks
−5.7 −5.6 −5.5 −5.4 −5.3
 µ  (eV)
0.0
1.0
2.0
3.0
4.0
Ag around Ag
Pt around Ag
Ag around Pt
Pt around Pt
−5.7 −5.6 −5.5 −5.4 −5.3
0.0
0.2
0.4
0.6
0.8
Pt/Ag(100)
cov.degree
steps
kinks
−5.6 −5.5 −5.4 −5.3 −5.2
 µ (eV)
0.0
1.0
2.0
3.0
4.0
<
 
n
e
i
g
h
b
o
r
s
 
>
Au around Au
Pt around Au
Au around Pt
Pt around Pt
−5.6 −5.5 −5.4 −5.3 −5.2
0.0
0.2
0.4
0.6
0.8
 
θ
Pt/Au(100)
cov.degree
steps
kinks
−4.05 −4.00 −3.95 −3.90 −3.85
 µ  (eV)
0.0
1.0
2.0
3.0
4.0
Ag around Ag
Au around Ag
Ag around Au
Au around Au
−4.05 −4.00 −3.95 −3.90 −3.85
0.0
0.2
0.4
0.6
0.8
Au/Ag(100)
cov.degree
steps
kinks



−20.0
−140.0
−4.50 eV
−20.0
−140.0
−5.10 eV
−20.0
−140.0
−4.39 eV
−20.0
−140.0
−4.61 eV
25.0
−120.0
−5.29 eV
25.0 45.0 65.0 85.0
−120.0
−100.0
−80.0
−5.65 eV
25.0
−120.0
−5.26 eV
25.0
−120.0
−5.30 eV
